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Reduction of Brownian thermal noise due to mechanical loss in high-reflectivity mirror coatings is
critical for improving the sensitivity of future gravitational wave detectors. In these mirrors, the mechanical
loss at room temperature is dominated by the high refractive index component, amorphous tantala (Ta2O5)
or tantala doped with titania (Ti∶Ta2O5). Toward the goal of identifying mechanisms that could alter
mechanical loss, this work investigates the use of assist ion bombardment in the reactive ion beam
sputtering deposition of tantala single layers. Low-energy assist ion bombardment can enhance adatom
diffusion. Low-energy assist Arþ and Xeþ ion bombardment at different conditions was implemented
during deposition to identify trends in the mechanical loss with ion mass, ion energy, and ion dose. It is
shown that the atomic structure and bonding states of the tantala thin films are not significantly modified by
low-energy assist ion bombardment. The coatings mechanical loss remains unaltered by ion bombardment
within errors. Based on an analysis of surface diffusivity, it is shown that the dominant deposition of tantala
clusters and limited surface diffusion length of oxygen atoms constrain structural changes in the tantala
films. A slower deposition rate coupled with a significant increase in the dose of the low-energy assist ions
may provide more favorable conditions to improve adatom diffusivity.
DOI: 10.1103/PhysRevD.100.122004
I. INTRODUCTION
Gravitational waves emerge from energetic processes of
astrophysical bodies in the Universe. To detect a gravita-
tional wave strain (ΔL=L) of 10−23 or smaller, gravitational
wave detectors based on kilometer-scale interferometers
have been established [1–3]. In the midband (approxi-
mately 100 Hz), in which the Advanced LIGO (aLIGO)
detector is most sensitive, Brownian thermal noise from the
coatings in the test masses is the dominant source of
noise [4,5].
In aLIGO, the coatings on the test masses consist of
alternating layers of amorphous silica (SiO2) and titania-
doped tantala (Ti∶Ta2O5) deposited by ion beam sputtering
with less than 1 ppm optical absorption loss at 1064 nm
[6–8]. The thermal noise of the coatings is estimated from
the internal mechanical losses of the layer materials based
on the fluctuation-dissipation theorem [9,10]. It is well
established that the coatings loss angle is dominated by the
high-index Ti∶Ta2O5 layer (2.9 × 10−4 rad) rather than the
low-index SiO2 layer (1.1 × 10−5 rad) [11]. A successful
strategy that has been employed to reduce the loss angle in
tantala is to incorporate impurities, such as Ti, Zr, Nb, and
Hf [12]. Modeling of the atomic structure of Ti doped and
undoped Ta2O5 showed that the doping modifies the
medium-range order that correlates with reduced mechani-
cal loss [13].
In this work, we explore the use of low-energy assist ion
bombardment during the reactive sputtered deposition of
ion beam sputtered (IBS) tantala thin films to investigate
whether it would be possible to alter surface diffusion of
particles (representing atoms, molecules, and clusters)
sputtered from the target and chemi-sorbed on the growing
tantala films. Enhanced surface mobility has been claimed
to favor an atomic network that is thermodynamically more
stable. Glasses with unprecedented thermodynamic stabil-
ity enabled by high adatom mobility are reported in
Ref. [14]. Work on amorphous Si (a-Si) deposited at
elevated temperature also indicates suppressed mechanical
loss at low temperature [15] and at room temperature [16],
presumably via increased surface mobility. With the spe-
cific goal of enhancing surface mobility as observed in a-Si,
tantala thin films were deposited by Vajente et al. with IBS
at elevated temperatures [17]. The loss angle of the as-
deposited tantala coatings reduced from around 16 × 10−4
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to 6 × 10−4 rad when the substrate temperature increased
from 30 °C to 400 °C. Nevertheless, a major reduction in
loss angle to 4 × 10−4 rad was achieved with postannealing
at 500 °C independent of the initial deposition temperature.
Alternatively, assist ion bombardment can lead to increased
surface mobility. Previous work has shown that low-energy
(i.e., 65 eV) bombardment using Heþ, Arþ, and Xeþ ions
increased the surface diffusion of Ge on Si(111) [18,19].
Atomic rearrangement in Ge was also achieved during the
thermal spike induced by Arþ ion bombardment [20].
In the results described herein, amorphous tantala thin
films were deposited by reactive IBS with concurrent low-
energy assist Arþ and Xeþ ion bombardment, respectively.
The assist ion beam was operated at conditions that altered
the assist ion energy and dose at the surface of the growing
tantala film. It is shown that the atomic structure and
bonding states of the tantala thin films are not significantly
modified by the assist ion bombardment. Assessment of the
room temperature mechanical loss shows that loss remains
unaltered by low-energy ion bombardment within exper-
imental errors. An analysis of mass transfer surface
diffusivity shows that at the assist conditions of the
experiment reordering by ion-assisted diffusion is negli-
gible due to low coverage of mobile adatoms and the high
diffusion activation energy of clusters.
II. METHODS
A. Thin film deposition
Tantala thin films were prepared using a Veeco Spector®
dual IBS system. The system was baked at 150 °C for 1 h
and pumped down to 2.6 × 10−5 Pa before deposition to
reduce water partial pressure to below 10−6 Pa. The main
ion beam source using Arþ sputtered a Ta target in a
reactive oxygen atmosphere at different beam voltages and
beam currents that altered the deposition rate. In the
absence of assist bombardment and when keeping the
chamber temperature at 60 °C, the substrate reached an
equilibrium temperature of approximately 100 °C. The
assist ion beam source was operated using either Arþ or
Xeþ to concurrently bombard the growing film at normal
incidence. The substrate was positioned on a fixed rotation
stage that at all times faces the assist ion source. The
rotation speed was set at 4π rad=s. The temperature of the
film/substrate in this case increases to approximately
130 °C when using 100 eV bombarding ions. Two
75 mm diameter, 1 mm thick fused silica disks were coated
for mechanical loss measurements. Using the same con-
ditions, the tantala films were deposited on 25.4 mm
diameter fused-silica and silicon (100) substrates for optical
and structural characterization.
Two control tantala thin film samples were deposited
using the main ion source at different conditions with no
assist ion beam (Table I). The deposition rate decreased
from 3.6 (c1) to 0.9 Å=s (c2) when the main ion beam
voltage and beam current were lowered. These deposition
rates are indicative of complete oxide coverage of the Ta
target [21]. Nevertheless, the sputtered particles that reach
the substrate are a combination of Ta atoms and tantalum
oxide fragments, the majority of which were found to be
Ta2O2 ring clusters [22]. The variation in the deposition
rate was used to control the arrival ratio between particles
sputtered from the Ta target and the assist ions dose at the
substrate surface.
Two sets of runs were carried out with either Arþ or Xeþ
assist bombardment. In each set, the assist ion energy and
dose were modified by varying the assist ion beam voltage
and current. Details of the deposition conditions are in
Tables II and III. The number of particles arriving at the
substrate was estimated from the deposition rate of the
control samples assuming sputtering of Ta2O2 clusters. For
c1, with a deposition rate of 3.6 Å=s, the number of
particles arriving at the substrate was approximately
2.8 × 1015 particles=ðcm2 · sÞ. The assist ion dose at the
sample surface was measured with a Faraday cup. For an
assist ion beam at 100 V and 100 mA, the ion dose was
















c1 1250 600 Not applicable Not applicable 3.6 523.6 1.9 22.1 0.7
c2 1000 300 Not applicable Not applicable 0.9 503.8 1.2 9.3 0.2


















s11 1250 600 100 100 3.5 479.2 1.7 7.2 0.4 22=1
s12 1250 600 100 200 3.4 487.0 1.9 10.3 0.4 10=1
s13 1000 300 100 100 0.8 505.6 2.2 13.1 0.2 5=1
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approximately 1.2 × 1014 ions=ðcm2 · sÞ for Arþ and
approximately 1.6 × 1014 ions=ðcm2 · sÞ for Xeþ. The
particle-to-ion arrival ratio calculated from these quantities
is shown in Tables II and III.
B. Optical characterization
The thickness and optical constants of the tantala films
were obtained with a Horiba UVISEL spectroscopic
ellipsometer. Thin films were scanned with a 60° incident
angle from 190 to 2101 nm. The films thickness determined
from the fitting had a standard deviation of approximately
2 nm for all samples. The coatings optical absorption loss at
1064 nm was measured by the photothermal common-path
interferometry technique, which has sensitivity better than
1 ppm [23].
C. X-ray diffraction and x-ray photoelectron
spectroscopy
Grazing angle x-ray diffraction (GAXRD) was used to
characterize the atomic structure of the tantala coatings.
A Bruker D8 Discover diffractometer with a grazing angle
setup was used. An incident angle of approximately 1.5°
was used to minimize the diffraction signal from the
substrate. The diffracted beam was collected by a scintil-
lation detector as a function of 2theta (2θ).
The bonding states of Ta in the samples coated on p-type
(100) Si wafers were examined with a PE-5800 x-ray
photoelectron spectrometer (XPS). The takeoff angle of 45°
was used for all scans. The neutralizer operating at 10 μA
was used to counteract the charging effect of the sample
due to loss of electrons. The C 1s peak position was used to
calibrate the binding energy scale of the spectra. High-
resolution spectra were collected for Ta 4f, O 1s, and C 1s.
A superposition curve fitting procedure was used to analyze
the spectra. Peak position and widths were determined from
a least-square fitting using MultiPak. The peak shapes were
fitted with Gaussian functions. The oxidation state of Ta is
represented by the Ta 4f 5=2 and Ta 4f 7=2 doublet peak
position. When fitting the acquired data, the energy
separation of the doublet lines was fixed to 1.9 eV, and
the area ratio was fixed to 1.3–1.33.
D. Coating mechanical loss
Each coatings loss angle was assessed with the coating
ringdown system developed at California Institute of
Technology [24]. The tantala films for this purpose were
deposited on fused silica disks 75 mm in diameter and
1 mm in thickness. The system is based on the gentle nodal
suspension method. After excitation of the disk modes, the
amplitude of the motion at the mode peak frequency was
tracked over time. The damping time is directly linked to
the total mechanical loss, and the loss angle for the coating
can be extracted. Uncoated substrates have a loss angle of
10−7 to 10−8 rad, which is orders of magnitude smaller than
that of the tantala coatings. The coatings loss angle was
measured both in as-deposited and annealed tantala thin
films. The annealing procedure includes 1) a 5 h ramp up to
500 °C, 2) a 10 h soaking at 500 °C, and 3) a 5 h ramp down
to room temperature.
The results are presented in the following section.
III. RESULTS AND DISCUSSION
A. Optical properties
All tantala coatings are optically transparent. Non-ion-
assisted controlled films c1 and c2 have refractive indices
of 2.10 and 2.09 at 1064 nm, respectively. Similar values
ranging from 2.09 to 2.11 were obtained for the tantala
samples bombarded with Arþ or Xeþ assist.
Low optical absorption loss at 1064 nm is a requirement
for the tantala thin films to ensure that when used in the
high reflectors they meet the stringent absorption loss
(approximately 0.5 ppm) required for aLIGO coatings
[25]. For most of the approximately 500 nm thick samples,
an absorption loss of less than 18 ppm at 1064 nm was
measured (Tables I, II, and III). Preferential sputtering of
oxygen by Arþ or Xeþ was not evident at the low ion beam
voltages used. One exception is s24, which has an
absorption loss of 32.8 ppm. The minimum absorption,
5.5 ppm, was found in sample s21 prepared with a 50 eV
Xeþ assist beam.
B. Structural and bonding properties
GAXRD spectra of tantala coatings show an amorphous
packing (Fig. 1). The arrows in Fig. 1 indicate the
theoretical peak positions for the crystalline orthorhombic
phase of Ta2O5 (Powder Diffraction File (PDF) 01-082-
9637) [26]. There are two main broad peaks between 20°
and 40° and between 40° and 70°. Signals from the fused
silica substrate contribute to the profile at 2θ ¼ 20.8°.
Between the control sample c2, sample s23 bombarded


















s21 1250 600 50 100 3.3 496.0 2.1 9.4 0.2 40=1
s22 1250 600 50 200 3.3 496.0 2.2 5.5 0.1 23=1
s23 1000 300 50 200 0.8 469.8 1.6 12.1 0.4 5=1
s24 1000 300 100 100 0.8 490.4 1.8 32.8 1.3 4=1
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with assist Xeþ, and sample s11 bombarded with Arþ,
there are no significant differences in the spectra. Figure 1
shows that the atomic structure remained amorphous under
concurrent ion bombardment, regardless of variance in the
ion type, ion energy, or ion dose.
The XPS spectra of tantala provide information on the
bonding states of Ta in as-deposited samples. As shown in
Fig. 2, close agreement between measured spectra and peak
synthesis was obtained. To evaluate the oxidation states, we
used a 267 nm thick reference sample deposited using the
Veeco Spector® with planetary rotation at a deposition rate
of 2 Å=s and with an absorption loss of 3 ppm at 1064 nm.
The Ta 4f doublet peaks were at 27.9 and 26.0 eV for this
reference sample (Table IV), and the values are consistent
with binding energies of Ta in Ta2O5 [27,28]. No suboxide
peak was identified. The O 1s peak was decomposed into
one sharp peak at 530.4 eVand one broad peak at 531.9 eV.
The latter was attributed to surface contamination [27]. The
XPS spectra of s12 and s22, which as will be shown in
Sec. III. C have the largest and smallest mechanical loss,
are displayed in Fig. 2. For both Ta 4f doublets and O 1s
peaks, the peak center did not shift from that of the
reference sample (Table IV). These results indicate that,
within the sensitivity of XPS, there are no significant
changes in bonding states in tantala samples prepared with
and without ion-assisted bombardment.
C. Mechanical loss properties
The set of IBS conditions that were selected to assess
modifications to mechanical loss include i) variations in the
projectile mass, i.e., the mass of the assist ions; ii) variations
in the assist ion energy; and iii) variations in the ratio
between the number of sputtered particles and the number
of assist ions arriving at the substrate surface. The impli-
cations these parameters have on surface diffusion are
discussed in the next section.
The loss angles of the two control samples c1 and c2
deposited with no assist ion bombardment are similar,
8.5 × 10−4 and 8.4 × 10−4 rad for c1 and c2, respectively.
These values are represented in Figs. 3–6 by green dotted
lines.
The coatings mechanical loss vs ion mass is plotted in
Fig. 3. Samples s13 and s24 were deposited with 100 eV
assist ions and similar particle-to-ion arrival ratios, except
that the assist ions were Arþ for s13 and Xeþ for s24. The
coatings loss angle shows no trend with ion mass within
one standard deviation.
In Fig. 4, we compare the loss angles of samples s23 and
s24 that were bombarded with Xeþ of 50 and 100 eV
energy and similar particle-to-ion arrival ratios. With higher
energy, the Xeþ were more likely to increase the surface
diffusivity of the adsorbed particles and affect the coatings
loss angle. Nevertheless, this trend was not observed.
The loss angle of samples bombarded with Arþ with
different particle-to-ion arrival ratios is shown in Fig. 5.
FIG. 1. Grazing angle x-ray diffraction spectra for control
sample c2, sample s23 bombarded with Xeþ assist, and sample
s11 bombarded with Arþ. Signals from the fused silica substrate
contribute to the peak at 20.8°, as indicated by the dashed arrow.
Solid arrows indicate peaks from crystalline orthorhombic
Ta2O5.
FIG. 2. Photoelectron spectra of Ta 4f and O 1s for the as-
deposited reference tantala sample, s12, and s22. Solid lines are
collected spectra, and dashed lines are composite spectra with
decomposed peaks.






7=2 (eV) O 1s (eV)
Osurface
1s (eV)
Reference 27.90.02 26.00.03 530.40.04 531.90.06
s12 27.90.03 26.00.01 530.40.03 531.90.02
s22 27.90.02 26.00.02 530.40.01 531.90.05
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For s11, s12, and s13, the particle-to-ion arrival ratio
decreases from 22=1 to 5=1. Comparison of the coatings
loss angles shows no systematic trend with particle-to-ion
arrival ratio. A similar behavior of the coatings loss angle is
shown in Fig. 6 for Xeþ assist bombardment with a
particle-to-ion arrival ratio varying from 4=1 to 40=1.
Following these measurements, all tantala thin film
samples were annealed. Regardless of the initial loss angle
values, for all Arþ and Xeþ bombardment conditions, the
annealed tantala samples reached their lowest loss angle of
approximately 4 × 10−4 rad, represented by the red dotted
line in Figs. 3–6, which is in the typical range for annealed
tantala films deposited by ion beam sputtering [17]. The
decreased loss angle is suggested to correlate with an
increase in the medium range order (5–40 Å) during
annealing [29,30].
D. Discussion
Previous work on diffusion behavior of chemi-sorbed Ge
on a Si surface at high temperatures showed that the
diffusivity D typically exhibits an Arrhenius behavior
under ion bombardment [18,19], obeying
D ¼ θD0 expð−Eα=kTÞ; ð1Þ
where θ is the fractional coverage of mobile adatoms,D0 is
a prefactor for intrinsic surface diffusion, Ea is the
activation energy for intrinsic surface diffusion, and T is
the temperature. D0 is a parameter that is empirically
correlated to bulk properties, i.e., melting point, cohesive
FIG. 3. Loss angles of samples bombarded by Ar and Xe ions.
The ion energy was 100 eV for both samples. The particle-to-ion
arrival ratios are almost identical. s13 was bombarded with Arþ,
while s24 was bombared with Xeþ. The green and red dotted
lines represent the loss angle level of the as-deposited control
samples and the samples after annealing, respectively. The
shading indicates the experimental error.
FIG. 5. Loss angle of tantala coatings bombarded with 100 eV
Arþ and different particle-to-ion arrival ratios. The green and red
dotted lines represent the loss angle level of the as-deposited
control samples and the samples after annealing, respectively.
The shading indicates the experimental error.
FIG. 6. Loss angles of tantala coatings bombarded with 50 eV
Xeþ and different particle-to-ion arrival ratios. The green and red
dotted lines represent the loss angle level of the as-deposited
control samples and the samples after annealing, respectively.
The shading indicates the experimental error.
FIG. 4. Loss angles of tantala coatings bombarded by Xeþ ions
of different energy. The particle-to-ion arrival ratio was kept
constant. The assist ion energy was 50 eV for s23 and 100 eV for
s24. The green and red dotted lines represent the loss angle level
of the as-deposited control samples and the samples after
annealing, respectively. The shading indicates the experimental
error.
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energy, and elastic constants [31]. It is also a function of
geometrical parameters, i.e., effective jump distance, and
jump-attempt frequency [32]. For surface diffusion under
ion bombardment, it has been shown that D0 is affected by
ion energy, ion mass, and ion flux which is equivalent to the
inverse of the particle-to-ion arrival ratio.
The results of the loss angle of tantala presented in
Sec. III. C do not vary with ion mass, ion energy, or
particle-to-ion arrival ratio, suggesting that surface diffu-
sivity either does not suppress internal friction in IBS
tantala or may be hindered by other mechanisms during
sputtering at the conditions of the experiments.
In the IBS reactive deposition of tantala, combinations of
clusters and atoms with an average energy of several eVs
are sputtered from the target and deposit onto the substrate
surface. The arriving particles adsorb and diffuse on the
surface before bonding with other species. For O atoms
with an activation energy for mass transfer diffusion of
approximately 1 eV [33] and a high fractional coverage θ,
the diffusivity D would be strongly affected by assist ion
bombardment. However, when chemi-sorbed particles are
mostly clusters, θ is small. In the best case of the experi-
ments in which the particle-to-ion arrival ratio is 4=1 and
assuming no more than one adatom is created by breaking
Ta2O2 clusters, the maximum ion-induced θ is 0.06. This,
coupled with the large activation energy of approximately
2.5 eV for clusters [34], results in insignificant cluster
diffusivity, even when considering that the steady-state
substrate temperature, T, increases to 130 °C during ion
bombardment. Theoretically, an assist ion dose ten times
larger than that accessible in the present experiments would
be needed to increase the number of surface mobile atoms
to a level that may affect variations in the coating
mechanical loss, if any.
Reduced mobility of the chemisorbed particles is com-
pounded by the limited time there is before the next layer is
deposited. An O adatom has only 2 s to diffuse when the
deposition rate is that of the experiments, 0.9 Å=s. With an
estimated diffusivity D around 10−2 nm2 s−1 [32], the
diffusion length is less than 2 Å at a steady-state temper-
ature of 130 °C. Even if one considers that at the location
where a 100 eVassist ion impinges a temperature spike that
reaches 900 °C and lasts 10−11 s is produced, the diffusion
length of O within such short length scales is less than
0.1 Å. Based on this analysis, we conclude that the surface
diffusivity in IBS tantala films induced by assist ion
bombardment under the conditions of the experiments is
not significant to affect the coatings loss angle. The lack of
surface diffusivity can also explain the relatively small
variation in coatings loss angle on high temperature
sputtered tantala [17] and its behavior with annealing,
which consistently lowered the loss angle to approximately
4 × 10−4 rad independently of deposition conditions.
During a 10 h anneal at 500 °C, the diffusion length of
an oxygen atom in the tantala film is around 700 Å, much
larger than the few angstroms oxygen can diffuse at the
conditions of our experiment.
The diffusion analysis can explain the variation of loss
angle with deposition and annealing temperature of a-Si
[16]. a-Si thin films deposited at room temperature and post
annealed at 400 °C have a loss angle of 0.5 × 10−4 rad. The
exact same value was obtained in a-Si thin films deposited
at a temperature of 400 °C. In this case, surface diffusion
and relaxation make it possible to improve the coatings loss
angle. This is in contrast with similar experiments in tantala
thin films [17], which report a loss angle of 7 × 10−4 rad
for a sample deposited at 400 °C and 5 × 10−4 rad for one
deposited at room temperature and annealed at 400 °C.
Thus, ion bombardment could have an effect similar to high
temperature annealing when atomic species are deposited at
a rate that ensures surface relaxation before the atoms are
buried by the next layer.
Nevertheless, one should note that surface diffusion is
not the only factor that plays a role in affecting the room
temperature coating mechanical loss. If a reduction in
mechanical loss were associated with the restructuring of
polyhedra from face and edge sharing to corner sharing
during the annealing process, as recently shown in amor-
phous Zr doped Ta2O5 thin films [35], a significant
diffusion length would not be required. The mechanism
on how oxygen diffusion would facilitate the reorganiza-
tion is still unclear. It should also be pointed out that Ta2O5
is not an ambient-pressure glass-forming oxide [36] as
oxygen coordinates to an average of more than two cations.
This, along with the predominant Ta-O ionic bond char-
acter [37], forms a structure that is more difficult to modify.
The ion-induced surface diffusivity analysis with low-
energy Arþ and Xeþ ions ignores possible surface and bulk
modifications due to other mechanisms, such as surface
relaxation via viscous flow in the bulk due to displacements
produced in the collision cascade process [38]. Along with
these effects, there is still mass transport due to the random
removal of atoms from the flat surface and the slope- and
curvature-dependent sputtering [39]. Experiments with
Xeþ bombardment at a high angle of incidence could
allow for more energy deposited at the surface, improving
adatom mobility and isolating effects from the bulk.
IV. CONCLUSIONS
To summarize, we investigated the influence of low-
energy assist ion bombardment on the mechanical loss of
optical quality tantala thin films deposited by reactive IBS.
Arþ and Xeþ ion beams were generated at different
conditions to identify variations in the coating loss angle
due to the mass and energy of the assist ion and ion dose.
Most films are of excellent optical qualitywith an absorption
loss at 1064 nm lower than 18 ppm, while no preferential
sputtering of oxygen by the assist ions was identified. At a
microscopic level, the atomic structure of the films
was found to be amorphous, and the bonding states of
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Ta remained the same for samples preparedwith andwithout
assist ion bombardment. Surface diffusion and its impact on
the tantala coatings loss angle were evaluated assuming an
Arrhenius behavior. By comparing samples bombardedwith
Arþ and Xeþ, no statistically significant trend in loss angle
was observed with ion mass. In the bombardment with Arþ
or Xeþ assist ions, the variance in the particle-to-ion arrival
ratio did not result in a significant difference in the coating
loss angle, either. The influence of assist ion bombardment
on coatings loss angle is suggested to be minor.
The lack of evidence in ion-induced diffusivity affecting
mechanical loss could be explained by the fact that chemi-
sorbed particles are mainly clusters that are essentially
immobile with a small proportion of chemi-sorbed ada-
toms. The adatoms have also insufficient time to rearrange
before being buried by the next layer within the timescales
of the deposition process in these experiments.
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